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N ) Continuing work on parametric multiplier theory at M.I.T. has 3 2
' NS R resulted in several interesting developments. The idler theory has been 2 I »w O
L B augmented to iaclude the 1-2-3-4 quadrupler and the 1-2-4-6-8octupler. a 3 3 3
3 The results ti+.s far indicate that "extra' idlers can significantly improve % 8 o o
i H Loth efficiency and power hoandling over the minimal idler case. The oves 3 2 %‘, m
§ g driven doublers, both abrupt and graded have been analyzed with simple Z T =
< models for the forward characteristics. As expected, power handling o QO » @
T increases greatly, accompanied by a significant increase in efficiency.
The most efficient doubler uses an overdriven graded junction. Experi- N\
08 HEOd Asruov.s mental results are described together with observat ionson the causes \ N
and cures of spurious oscillations. :g §
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4 . |
I. INTRODUCTION II. EXTRA IDLE!

This paper is a compendium of some of As is now well-known, non-overdriven
the theoretical and experimental work carried abrupt-junction multipliers of order greater
out at M.I.T. and Lincoln Laboratory since the than X2 require currents flowing at some of the
summer of 1962 on varactor multipliers. lower harmonics in order that non-zero output

" Diamond (Ref. 1 and 2) has carried out analyses be achieved. The necessary 'idler" frequenc-
on the effects of "extra' (larger number than ies can c~sily be identified by real: ing that the
necessary) idlers on quadruplers and octup- junction voii ge is proportional to «  square of
lers with somewhat surprising results. An the junction cltiarge. As shown in Pe: .icld and
analysis has also been made on overdriven Rafuse (Ref. ), the necessary idler coi u-
doublers usi - “oth abrupt- and graded- r ations for som: of the low-order multi; "iers
junction diodes \itef. 3) with very simplc o wls bocome
assumed for the forward character jetics. The
results of the overdriven doublers lead to (a) Tripler: 1-4-3 ~1
simple nnalveis techniques for doublers naine : ()Y M mloer 12244 :
aiod s i radical nonlinzar cap e o BN . .
S0 er. iimentalciréhits have been devei~ . oA o lplees 1-2-3-6,,1-2-4
oped which yield stable, high-efficirncy, low - (e)" Septupler: 1-2-3-6-17, 1 (,
spurious-content operation. 1-2-3-5-7, 1-2-3-4-7, 1-% "~ & 1 8-1%

(. Octupler: 1-2-4-8
The use of more idlers than necessary . x
yields higher efficiency and power handling than Ncte that these idler schemes cont- i e mini-
v does the use of just the necessary number . mum necessary number of idlers. S ic
When overdriven, the graded junction shows septupler marked with the a:i. isk is unusual
. _higher efficiency than the abrupt-junction in the in that a« idler at a frequci, ¢y higher than the
DZ\ doubler circuit. Cure in circuit design can re- output ;i | «s 7 nccessary for output at
= . sult in stable, clean operation of frequency

multipliers.

‘T'he question that now arises concerns
the effect of "unnecessary” or "extra'' idlers.




‘Ifor example, although the 1-2- 4 quadrupler con-

figuration will operate efficiently, what would be
the effect of adding an extra idler to form a 1-2-
3-4 quadrupler? Similarly, what would be the
effects produced in a 1-2-3-4-5 quintupler or a
1-2-4-6-8-octupler?

The problem is very complex and can, in:
general, only be solvad @ detail computation,
with the aid of a di;ital computer, on each multi-
plier. Two solutions for extra-idler multipliers
have been obtained by Di'u’qu (Ref. 1 and 2),
namely, the 1-2-3-4 and 12 -4-6-8. The results
are of extreme interest.

f/.y‘-)

N\ Vg = breakdown voltage
@ = contact potential
V, = average bias voltage

The others are self-explanatory. The formu-
lation for low-frequency efficiency is due to
Uhlir (Ref. 5)..

We note in Table I that the 1-2-3-4 con-
figuration has not only higher efficiency, but
hbigher power handling (without overdriving) as
well, Perhaps the lossless idler approximation
masks some disabilities of the 1-2-3-4 |
quadrupler. If we assume an idler loss a

PARAMETER 1-2-4 1-2-:3-4
EFFICIENCY
c~ o O‘(wo"k/coc) *=15.6 & =11.4
POWER INPUT * B
P =g(V+ ¢y Coin&o A =0.0196 A = 0.0226
INPUT RESISTANCE : S
R, = A Seax i~ A=0150 A= 0.096 s
LOAD RESISTANCE
R, ~B Siax g B = 0.0513 ~ B-o.0825
BIAS VOLTAGE
~ g+ 5 5
vV = 0 il YV =0.334 V =0.330

the idler circuiil 10ss is assuined - .o {(only

ful for @, ¢t < 0.1 & -

First, we compare the two qu~c:upler
configurations in the notation of Penficld and
Rafuse (Rcf. 1), The symbols used in the tables
to follow are.

O¢ = Srmax / Rs thevaractor

cutoff frequency (at breakdpwn)

= drive frequeiicy
(‘)out = output-frequency

Cmin = Smax ! = minirnum junction
capactance (at VB)

L2 |

diod cooeesent). Vet o o ouec

resiciavee eqrnl dn vl t¢ the varactor

seric. - Yong v v omme e (external idler
circuit = diode «3‘3 ¢l oot eovure the
two circuits OC(1-; ) 25 ﬂnd (1-2-3-4) =

16,ﬁ(124) Ok’ 0 and £ 2-3-4) = 0.023.
t is obvious that the presence of idler loss

only serves to accentuate the better efficiency

of the'1 2-3-4 circuit over the 1-2-4, The
Rs = varactor series loss resistance powei sevels are re!

'aliv. ly unchanged.




PARAMETER - 1-2-4-8 . 1-2-4-6-8"

EFFICIENCY o 1

S eud(wwt/w"‘) o oc-—- 21.0 = 14.9 N *’

POWER INPUT

B =8 (4t B) Chrga®o B=0.0198 ,e'= 0.0248

INPUC ’R ﬁlSIST /\NC E

Rin = A S“‘a"/foo A = 0,103 A=0.140

LOAD RESISTANCE o | |
— Ry = Bgmx a~~-~~—-~~-~ MB 0'--0*1;— T T e

BIAS VOLTAGE S - -

§-Yer? BT .

Vp + ¢

 TABLE II. COMPARISON OF 1-2-4-8- AND 1-2-4-6-8 OCTUPLERS. In each

case idler circuit loss is zero. Valucs are

A similar comparison is made between
the 1-2-4-8 and 1-2-4-6-8 OC‘(llplLr‘S in Table 11,

handhng the 1 2-4-8 | ctupler As b(fm ¢, a

comparison with equal external idler aid

diode Q's gives & (1-2-4-8) = 31.3 and & - uena.
o(1-2-4-6-8) = 23.1, PB(1-2-4-8) = 0.020 an

£ (1-2-4-6-8) = 0.025. It is apparent that the

extra idler gives improved performance even

with idler loss included.

One is tempted to make sorme fairly
general conclusions from the admittedly sparse
data obtained so far. Table III presents the o
and @ for a group of varactor multipliers. If
we extrapolate the results for the quadrupler
to the quintup'~1 and sextupler it appears that
the addition of the 3Wgidler to give a 1-2-3-
4-5 guintupler and the 3W,and 50 idlers to
give a 1-2-3-4-5-6 sextupler would result in
o« 's and 8's commensurate with the X2, X3
and X4 ( 1-2-3-4 )circuits.. It is also very
tempting to estimate that the addition of extra

wsood for Weut < 0.1 &¢ -

i w%;‘}fi’@ﬂ W.”
w2 ToGh Gt
_X3>2‘ 11.6 0.0241
X1, 2.2 4) 13 0.0226
1,2, 4, B)* 118.6 G.03¢
X6(1, 2, 4, 6)* 16.6 u, (22
X8(1, 2, 4, 6,8) 14.9 ©.0248

TABLE JII. & AND @B FOiI. VARIOUS

MULTIPLIERS.,* Data taken from Penfleld
and Rafuse (Ref. 4).




idlers to the octupler to yielda 1-2-3-4-5-6-
7-8 octupler would bring the octupler results
into line with the rest of the multipliers.
[However, the computational complexity required

to check such results is extremely high,

It is

hoped that future work may lead to a unified
theory which will predict essentially equivalent

cutoff frequ.ncy ratio ) and equivalent power
handling capnbilities ( in terms of the input
frequency ) for the same diode, regardless of

the order of mulliplicaticn.

T this vein it is

interesting to note that the 1-2-4-6-3 octupler

is alroouly more efficient than the 1-2-4

quadrupler { for the same output frequency ).

PARAMETE‘R

EFFICIENCY
€ v e—d(mout/wc)

POWER INPUT

P‘“ = P (\'TB+ ¢)2 Cm‘»nw°

INPUT RESISTANCE,

l,}‘[l*' L1 ey ‘ s w' 1 aix
may Wy

LOAD RESISTANCE
- R S, :
RZ = B “rmax (’)o

BIAS VOLTAGE

= Yot
VAX:
. EFFECTIVE

INPUT ELASTANCE

§ = Sw/s

EFFECTIVE

OUTPUT ELASTANCE

S” — Sou’C/Sn»..:»'

OVERDRIVE

1. OVERDRIVE COUBLERS

An analysis s been carried out at
M.L.'C. on the overdriven abrupt- and graded-
junction doublers (Ref. 8). The model chosen
for the forward region was exceedingly simp}e;
it was n=sumed that the diode elastance (C )
wenk to woco at charges greater than the charge
cquivalent Lo the contact potential, and it was
further assumed that the series resistance )
cemain =l coastant in the forward direction. Both
of these asswuaptions, although radical, are fair
approximations. ‘fFhe series~loss resistance
will, of course, be reduced by conductivity
modulation cffects in the forward direction, but
a good part of the losses in high-quality
varactors occurs in the contacts and leads and

" ABRUPT-JUNCTION GRADED-JUNCTION

NOMINAL

NOMINAT.

NOMINAL

OVERDRIVEN

OV ELRDRIVE]L

OVERDRIVEN

OVERDRIVEN
NOMINA L.

MODE
OVERDRIVEN =175 o= 7.0
NOMINAL ¢ a5 *=12.8
OVERDRIVEN 8= 0.0680 AB= 0.0680
NOMINAL 8= 0.0277 8= 0.0118

B=,0.164

B=0.170
B- 0.136 B: 0,102
Vo G.ubs Ve o0.206
V= 0.349 J= 0.400
IAN2 [
.S 0.33 S50.8%
8- a.s0 | 5% 0.6¢
S.z 0.36 | 3&: G. %20
3% 0.50 8% 0.6¢

TABLE IV. COMPARISON OF OVERDRIVEN AND NON-OVERDRIVEN ABRUPT- |
AND GRADED-JUNCTION DOUBLERS. Results valid for Wout < 0.10¢

| b6l

Cell)

" %: ﬂﬁ%t@@!"ill u—«»;‘,ﬂ!ma‘ynxﬂm_“ y " ‘W-Mh'm SN
=0.0604 |

oo

}
£

g

:



thercfore the total loss will remain essentially !
constant., The elastance does not actually go to
zero but instead simply decreases exponentially

( along with an increasing conductance, yielding

a very low junction Q) ; however, at the

frequencies of interest the junction fmpadance :
level is so low that the diode can 2 v :ngonably | ,
1"epresented by just the series loss, W, |

The results for optimuin efficiency
operation of the optimally averdrivea graded-
and abrupt-junction doublavs niee jivenin
Table IV along with the reoulis foe nominal
drive ( see Ref. 4) for comparison. The most
startling result ( although one rather frequently
and often embarrassicoly observed experi- §
mentally ) is that tho of diodes, :
optimally overdriven, (ive essentially oqual
performances. Ior the same power input, same |

o types

breakdown voltage and same mininuum capagioma. ... ..

tance , the graded-junction and abrupt-junction ‘
~diodes are esscntially interchangeable in any

doubler circuit. The bias voliages are identical, |
{tic input and output resistances and reactances '
arc eascntielly the same, and the efficiencies ,
are practically cqual. |

It is interesting to note that the graded
junction diode must be overdriven by a factor
of 5.8 (in power ), whereas the abrupt-junction
diode optimizes when overdriven by only a
factor of 2.45. Furthermore , the gradcd
junction shows the most improvement ir
efficiency and actvally excecds the efficicicy of
-an abrupt junction when optimally overdriven,

secfn i
A d"

‘not ohvieu © ot io b
compuic - cerivation of the overdriven douhicog
was completed, lies in the ratio of fundarucat:
to second~harmonic charge. If the powcr
output is optimized, the low-{frequency value of
the ratic ic 2.0, regardless of the diode type or
the level of ooardriving, One suspects that
this result holds {rvs almost universally.

25 &

author ) boloo 11~

If we assume such a universal beha’»)ior, 1
we can calculate the performance for a
variety of other diode types. In particular ,
we can postulate the "ideal" diode characteristic |
showa in Fig. 1 and overdrive so that the '
clas ¢ vaveform is a sgaare-wave of
peak-to pook velue Smax. Such a curve is
actunlly approsiinated by some of the very thin
diffused, epitaxial diodes, where the majority
of the elastance change takes place over the
first few volts in the back direction and
practically no change in elastance cccurs for
higher voltages, until breakdown is reached. |

1 S@
f)iﬂ:'l‘.(
| B}
| .
|
| i
!
v o i) =
ONEATNE
‘_) i
FIG, 1. STEPWISE NONLINEAR

BLASTANCE CHARACTERISTIC,

{f we asswie a constant sorics resistance Rg,
we can calculate efficiency, power, input and
output.resistances.and the rest of the necessary-

‘pararheters with ease.

In Appendix A a detailed derivation of
the overdriven stepwisc-diode doubler is
presented. It sb:ould be noted that such a
device will not multiply unlesec it is overdriven,
otherwise il appears as a constant elastance.
The results are interesting . Presented in-
Table V are the efficiency, input power and
input and load resistances for such an
overdriven dovbler, together with the same
parametess fc the overdriven abrupt- and
groded-junction doublers operating under the
i oulput, fully
cro ).

saric conditions ((optine
drive o average chergo equul t

IERE B R

PRy - ‘,,,,,,.‘.'].,..M oo
piges-as the

diod. hooe acen, 3 you il s 2 more
1 Vihough o o s heedling

copi Mty U lieases, In ' or vords, one,
trodos elficieney for po. oo -undidng. Although

the stepwise doubler probably does not have

the boest achicvable efficicn -y ( allowing

o b wovie currents Lo Tl owomay give
Ver efficicoiay ), it de w0 791 in predicting

the behavior of overdri~. + ¢ .awial units.

IV, SOME OBSERVATIONS ON
Y = 0.45 AND SO FORTH. .,

Many pecople still insist on character-
izing a varactor 2s "not quite abrupt' or
"not quite graded' with, therefore, exponents
that lie between 1/2 and 1/3. The author has
‘never seen one of these "not quite' varactors.

Every diode has associated with it
certain parasitic elements. At low frequencies,
where most varactor capacitance measure-




PARAMETER : | STEPWISE GRADED . .. ..... ABRUPT. ~il

[T — - PO . 2
4

FRFICIENCY JX=eT 0 m82s . =105 o
% INPUT POWER . @ _0 063 £ =0.091. x - RB=0.115__._ % 7 «;:
i INPUT RESISTANCE ~ A=o0212 A= ‘0.121“» _' A ~°ﬁ°§_5:§ ) :
LOAD RESISTANCE B = 0.212 B=0.121 B= 0.095-'»~—~'-~:-~

TABLE V. COMPARISON OF EFFICIENCY, INPUT POWER AND INPUT AND
[.OAD RESISTANCES FOR OVERDRIVEN STEPWISE -, GRADED - AND ABRUPT i
JUNCTION DOUBLERS. In each case the diode is dr1ven to the breakdown volt-

S
|
|
X , B, A and B correspond to those in Table IV.. . .. . i-‘ :{-,] ‘

age, output power is optimized and the average charge is zero. The symbols——— 5 o
il i . e n e e m s S b e een kL e e e e e e 5 1 e orem il e SRR S I Sy
Lo i L U U RGO SSSILE-S S-SR L ;éa._h e et LA e et i e
ments are made the maJor paras1t1c is case from V, to VB In many units with Vg in
capacitance. The total capacitance can there- the order of 50 volts, the break 'voltage Vg,
fore be written as was only 6-8 volts. The practice of giving the
cutoff frequency of such units at 2, 4 or 6 volts
V, +¢ 4 in the reverse directiqn ( depending on the
C = Cease + Crmin [——E——-——-] (1) particular manufacturer's crystal ball ) can
' v+¢ give large errors in extrapolated Cin and f,
at breakdown. The errors are unfortunately in
where 7= 1/2 for abrupt junctions and 1/3 for ~ the optimistic direction and the units will not
graded. Extremely careful measurements perform as expected. lf C,,;,, and f¢ at
were made on several abrupt- and graded- Vg were given, the units would be far more
junction varactors with a three-terminal conservatively characterized and multiplier
‘ capac1tance bridge ( Boonton 75A-S8 ) and a performance would be more easily predicted.
e ...V°1tm<ﬁ§ﬂll{m L — - TR L L —
1 o R L In short, if the diode is characterizable
In no case was a diode found to have . by an exponent over its entire voltage range
an exponent other than 0.500 or 0.333. If care- ( which rules out the so-called "hyper-abrupt"
ful measurements are made and Vg determined units ) the exponent is either 1/2 or 1/3, not N
accurately, three points suffice to determine the 0.45, 0.36 or some other approximation, i )
three unknowns, ¢, Ceage and Crpjp. For arrived at by neglecting the case capacitance or -
example, careful measurements on a PSI not recognizing the break in the epitaxial’ units. ..
PC-115-10 diode yielded Vg = 114.0 volts, : B N AT
@ =0.540 volts, Cpin = 1.81 pf and Cegge = V. CIRCUIT TECHNIQUES o
0.937 pf. A plotof (C - C,, )2 versus v | eT s
yielded an absolutely straight line W1th 17 data . . In this section are described some s
points lying on the line. The exponent was . circuit techniques found useful at M.I.T. Poli
precisely 0.500. ) . Unfortunately, at this time good experimental e
~ data on overdriven doublers is not available., R
Other measurements made on epitaxial However, a very detailed design of a AR A
units yielded straight lines for (C - Ccase )~ symmetric, two-diode tripler was carried out '
versus Vv, but the values of Ciin VB and .. 1+ with quite satisfying resuits.
. would change abruptly at some voltage less than , S
t breakdown. The characteristic S° versus v b The tripler was built with two nearly
N was composed of two straight segments, one . matched PSI PC-117-47 varactors ( with
from ¢ to V; (L VR) and one of lesser slope measured characteristics of Cp,ip = 6.6 and

‘ - 6.9 pf, Vg + ¢ =138 v. ( lowest one of the

466

o



2.65 4,41 i

o R 500 mw.
0.405 : _ 43.2 mc/s ST
o ITT ' ;o
SURETE
f ) i S
‘ 99 Ios .
560 mw. 5.3 TR 277 SR
-~ 50 1A
14‘.4' mC/S 93.4 ) — JP _:
500 in ZS\{\ g RFC -
; | PC-U7-47 S
10,000 19000
o- )6 )
. . L1
N ’ RN
v 7 10K : 10K , — 120
INPUT MATCHRING | o__/\/\/\r___{%___»—-{ 9(-**—"\/\/\/——0 o - et
NETWORK + 67V, - (_ + 67v. — Lo
- \S\"‘_'/ 43.8v. Zener piodes -z
FIG. 2. TRIPLER CIRCUIT, Values of the components are in pf, xh and ohms. Y
pair), # = 0.64v., Cogge = 2.3 and 1.4 pf). Both close, in fact, closer than the accuracy of the .., .__
the case capacitances and the strays were used measuring instrquents. However, it shows Nt
in determining the input matching network that one can design'with care and achieve very
necessary to give a match to 50Q)1 source at the close agreement with theory.
design power level. The idler at 2Q), is reson- L
. ated in the loop formed by the two varactors and Several other interesting observatmns
the two 1.99 /uh coils. Two parallel-resonant can be made. First, the multiplier would not
traps separate the currents at o and 3w, into operate sclf-biased (not very much effort was
the input and output circuits, respectively. speunt trying) and would simply broak up into
: ' spurious oscillations before any appreciable
The losses in the individual circuits output power could be reached. Seccond, biased
were measur«:} and included in the efficiency at the proper voltages from potentiometers, the
calculations. The final operating conditions tripler was stable, until the frequency was

are compared thh the prcdift ‘

““‘”m”““‘ i sy to overdrive ; in either case it broke up into

‘spurious oscillations. Third, the majority

PARAMETER THEOR. EXPER,_ v_of the 'spurlou oscxllatlons were identified at
R thelr bas eband frequency (500-1000 ke/s) in

the bias circuitry; the addition of the Zener

CIRCUIT EFFICIENCY 90% 89.6% diodes to the bias circuit provided a suffici-
‘ ently low enough incremental impedance to
LOAD RESISTANCE 500 500) swamp the‘spurious generation mechanism. _
Under these conditions the 1 dh bandwidth of the
INPUT RESISTANCE 5002 1 148.5Q tripler became 7% and it could be overdriven up
SRR to a factor of 1.5 (limited by the driving source)
POWER INPUT 560 mw. 558 mw. - with no sign of spurious oscillations. In fact,
7 ! it was very difficult to cstablish any sort of L
BIAS VOLTAGE 43.7 v. 43.8 "}_“M’ spurious oscillation; only a radical (20-30%)
' change in input frequency would excite a divide-
- by-two or divide-by-three mode. Fourth, a
TABLE VI, THEORETICAL AND EXPERI- ., .  1-2-4-5 quintupler was built as a following
MENTAL PARAMETERS FOR THE o % - stage; it was noted that the output at 216 mc/s -

SYMMETRIC TRIPLER, was spurious free only if the input of the
' quintupler was tuned properly and presented a
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dlode and the same output

500 load to the teiptee, {tappears that many of
the probletas avisio g dueing the cascading of
multipliers can be cured with careful design of
each individual stage.

A spectrurm snalyzer was used to check
the level of the fundamental and unwanted
boraroaies at the tripler output. The funda-
nental and all even harmonics were down 40 db.
The fifth harmonic was most prevalent, but still
30 ab Jown. Additional filtering could easily be
added to reduce the wnwanted signals to 30 db
below the output, if desired.

CONCTLUSIONS

VI,
Perhaps the wajor conclusion oune comes
to is that there remains a considerable amount
of work to be done before paraméetric multi-
pliers can be considered "fully understood."
"Conclusion jumping' in the field of parametrie

A particular limiting case, the stepwise doubler,
is analyzed and fouund more efficient than the
graded junction, although of somewhat less
power-ha: ulling capability. It appears that, as
the degrce of "non-lincarness" of the varactor
charactevistic increases, the eff1c1er1cy, when
overdriven, increases and the power handling
decreases.

Very careful measurements show that a

diode can be characterized by an exponent over

its full voltage range, only if the exponent is

1/3 or 1/2. Values of 7 ranging between 0.500
and 0.333 arc invariably the result of poor
measurement procedure or improper sub-
traction of parasific case capacitance. Some
epitaxial units may show breaks in the elastance-
voltage characteristic, but their exponents do
not usually vary. If the diode exponent truly
varies with back voltage, it cannot properly

_be said to have an exponent (even on the

multipliers is a technique fraught with dan%enmmam'n'm%l whatever that means). Epitaxial

The author remembers when he considered extra
idlers equal to extra loss. Unfortunately,
intuition seems to work only in a posteriori

sense for parametric rultipliers., .

However, disregarding the dangces of
intuitive reasoning, it appears from the results
of the 1-2-3-4 and 1-2~4-6-8 multipliers that
extra idlers can 1mprove both the efficiency
and power handling of a varaclor multiplier, by
non-irivial factors. It further appears ( and
this is even further out on the limb) that
appropriate idler schemes will yield multipliers
with nearly equal cfficiencies (for the samce

y cqual power handling (for the same dicde
and the same input frequency).

Two important results appear 'in the
analysis of the overdriven doublers. ‘t'he oveir-
driven graded-junction doubler is somewhat
more efficient than the overdriven abrupt-
junction doubler (precisely the opposite result
one finds when nominally driviiig). For identical
breakdown voltages and identical minimum
capacitances, at the optimal overdrive level
the abrupt-junction and graded-junction diodes

are indistinguishable in a doubler.

A companion result from the overdriven
analysis is the charge ratio of 2.0, when the out-
put power is optimized. At lov: frcquencies
the ratio holds regardless of the degree of non-
linearity. This allows us to compute the
characteristics of an infinite variety of
doublers and compare their performances.

+ 1 achievable with an isolator;

units should be characterized by cutoff
frequency and capacitance at breakdown, not
some intermedintic voltage.

» been observed ¢ i
careful design will yicld « " IiVier performueaicce
essentially as theory predict:.. Spurious oscil-
lations can be minimized if the bias-circuit
impedance can be kept i“eal and small at frequ-
encics from low audio to an appreciable

fraction of the drive frequency. A high-yo ity
Zcener diode makes
Oscillations arising duiiig ¢

Experimentally i

an almost ideal bias so coc,
cascading of 1y

plicit. can be mi ,1m1zed iy insuring that the
_'“T')é-l ‘“ i oo 5 '»n*l‘{'(ln m

real o ~1 to the c>ptin.1wn, luad resistance
for the first multiplier (this i-, ..f course,
but such devices,

being bulky and heavy, just do- not
clow 100-200 mc/s.

"", (\‘ml,

brsides
exict |

Appendix A

DERIVATION OF STEPWISE-~-JUNCTION
DOURBLER
If S(q) is S for 0 <q £ Qg and zcro

max
for ¢ € 0 und we assume that the fundamm__dl

charge is twice the second-harmonic cher LG,
then, with the junction driven such that thai
charge wave just reacaes the rreakdown charge
Qp and averages to zero, we have

q ({;) 5‘:‘/-3: QB (2 Sinosd + sin aco(,{) "
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aieg Ba cuerents Uin phase, At low (requencies the dissipated power becomes
The cirpyeent is '
I {12 2 16 2 2.
A P (IE+)Ry = 52 (., R 1
! ‘L) 2 ) ;/‘):.-‘ QB(J)O (COSC"[)‘;: ‘- ( 5 ~)?c)°\'> (3) d|35 [l ( [} Z) 5 27 \B o s ( )
cosunving all higher-havooenic currents open- and the efficiency is ’3
cireuited, The resultani square-wave of
clasinnee bocomes ‘7
A
Py |
diss ) HE
€ = | -2 =3y e
B e (12)
(‘ hacd .
(\l | . ‘:1},5 ") _\/L ! ( ) '
u(t) o = > T 2 C)m“-(‘)k (4) Ve can write Equation (12) in the same form used
: K1 for the other multipliers
_ 3T (w
e equation of moticn for the junction is € =~ e 2 ( OUt/mf-) (13)
r :
- -
v = Sevi) Jt (5) |
</ Ther:fore, o =4.7and B= 0.0628. The input .= 7
L and load resistances are equal and become R
ot et cHtuting B oo (3) e 14) in ' \
cootien (5 and integeating, we hiw 2 the
fndeoacatat and second harmonic cownponents
of «(t) as ' Rin = V" =R, = =2 = "‘2‘“ Smax (14)
. | 2= IZ 377 Wy
« oy o y PR L L A =B =0.212, The avervage ! L othoee is the
‘ B i R LY AN T - e . s e
{ N AR R COS 200, ) (6) oo atojand 23, and s stmply » IPx
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